Background: Causes of Blindness
Blindness has many causes, from diseases of the eye to cancer and TBI. With causes that affect only the sensory organ, and therefore induce blindness by interfering with the normal translation of incoming light to neural activity, the remainder of the visual pathway is often largely intact in individuals with previously normal visual function. 30 The field of visual prosthetics seeks to develop devices to restore lost, or to support failing, visual function. In contemporary approaches, a man-made imaging device, nominally silicon based, is used to translate visual scenes into electrical activity that gets applied in coordinated form at some point along the early visual pathway. The primary differences between the various efforts, of which there are currently some 2 dozen, rest upon where external stimulation is applied to the visual pathway.
Evaluating Points Along the Early Visual Pathway as Stimulation Targets
There are 6 locations along the visual pathway with potential for functional restoration of sight through microstimulation as depicted in Fig. 1 : the retina, the optic nerve, the optic tract, the dorsal LGN of the thalamus, the optic radiation, and the primary visual cortex. The following paragraphs will briefly assess the advantages and disadvantages of each location, and are summarized in Table 1 .
Retina
When blindness is caused by a disease of the photoreceptor cells in the eye, stimulating the remaining healthy cells of the retina, especially the output layer of ganglion cells, is a potential avenue for restoration of function. In cases in which the damage includes the ganglion cells, it is unlikely that this avenue will be fruitful.
Determining whether the ganglion cells are viable can be done with a simple noninvasive test that applies electrical stimulation between a large electrical contact on the eyelid and another at the rear of the skull.
niques involve a maintained defect of the globe through which a flat cable passes; there are, however, some projects in which the entirety of circuitry is contained within the globe 13, 80 or in which the entirety of circuitry is external to the globe. 14 For efforts in which the electrodes are placed on the vitreal surface of the retina, so-called epiretinal implants, a small tack is typically used to hold the array fixed against the retina, 40 while for efforts in which electrodes are placed at the pigment epithelium surface of the retina, so-called subretinal implants, the electrode array is placed behind the retina, in the subretinal space. 13, 68, 90 Advantages of retinal approaches include that the implantation surgery is entirely extracranial, that a single eye can be implanted with potential coverage of the entire visual field, that there is an even mapping of visual space to the retinal surface, and that, for approaches in which the man-made optical sensor is implanted within the eye or the optics of the eye are still used for imaging, there is no need for tracking eye position to compensate for gaze shifts (see below for a discussion of gaze compensation).
Disadvantages of retinal approaches include the temperamental delicacy of the retina, the requirements to engineer devices that must cope with the limited space available in the eye, and significant weight restrictions to prevent the normal but large acceleration forces as the eyes move about in the orbit from changing the implantto-retina geometries or, worse, causing damage by pulling at the retina. Furthermore, because of the architectural detail of the fovea at the center of the visual field where the ganglion cell bodies stack up 5-7 layers deep, high-resolution artificial vision may not be possible. Published accounts of human retinal microstimulation to date suggest that it may be possible to convey only luminance information with retinal approaches. 39, 40, 69 And, importantly, while the second and third most common causes of blindness in developed countries, retinitis pigmentosa and macular degeneration, spare the ganglion cells sufficiently to allow treatment with a retinal prosthesis, the most common cause of blindness in developed countries is glaucoma, which affects the ganglion cells, contraindicating a retinal approach. 71 Because of the substantial advantages, and despite the substantial disadvantages, the most advanced visual prosthesis projects use the retinal approach, and 4 projects are currently in clinical trials, 24, 79 suggesting the likelihood that the first visual prosthesis device to market will be a retinal prosthesis. 78 While details vary across these 4 projects, 35, 38, 54, 89 researchers are currently implanting prostheses with 25-60 electrodes in short-and long-term experiments with volunteers who are blind, including at least 1 Phase II trial in the US (Argus II Retinal Stimulation System Feasibility Protocol, ClinicalTrials.gov NCT00407602). The results generally point to well-tolerated materials, 28, 46, 47, 51 little to no tissue alteration from stimulation, 25 and at least crude levels of functional restoration. The individuals are reportedly able to recognize objects or patterns 67, 86, 91 and have increased mobility. 38 
Optic Nerve
In cases of blindness in which the optic nerve is intact, such as the conditions in which a retinal approach is indicated, stimulation can be applied to the optic nerve directly, rather than to the retina, to create phosphenes. One group is pursuing a multicontact cuff-style electrode, 4 and 2 are pursuing multiple penetrating microelectrodes. 49, 72 Advantages of the optic nerve include a relatively straightforward, extracranial surgical approach that provides access to the entire visual field. Despite a possible lack of fine-scale organization of the optic nerve, there is a general organization, leading to the ability to steer percept locations by adjusting electrical bias between different electrodes. 88 However, the current cuff-style approach has a highly limited electrode count, and thus has a questionable potential for restoring high-resolution vision. Nevertheless, the minimally invasive surgery required for implantation, mechanical stability, and surprising functional flexibility demonstrated by experiments in pilot studies with volunteers thus far have suggested that this straightforward approach should not be discounted.
At least 2 groups are using penetrating microelectrodes in the optic nerve. 49, 72 This slightly more invasive approach shares the advantages of the cuff approach and brings along the potential for high contact count and therefore high resolution vision, making it also promis- ing. While these groups are primarily working in animal models, there have been reports of acute experiments in humans with positive results. 73 
Optic Tract
Located within the cranium and posterior to the optic chiasm, the optic tract combines signals from single visual hemifields of both eyes. As of this writing, it has not been rigorously explored as a potential stimulation target; given that it has many of the disadvantages of the optic nerve combined with disadvantages of the LGN (see below) and few of the advantages of either, while microstimulation of the optic tract would be expected to produce phosphenes, it is unlikely to be a fruitful location to target an electrode array for prosthetic purposes.
Lateral Geniculate Nucleus
Even when there is substantial damage to the eye and possible atrophy of the optic nerve, the LGN remains largely intact. 30 Therefore, stimulation of the LGN has the potential to be a viable treatment approach for many causes of blindness, including the most prevalent ones 71 as well as blindness caused by trauma to the eye or surgical enucleation. Approximately 10 mm away from the LGN are structures such as the subthalamic nucleus and substantia nigra that are accessed using surgical techniques from DBS for electrical stimulation treatment of movement disorders, 19, 48, 50 suggesting that the same DBS techniques could be used to place stimulating electrodes in the LGN.
Advantages of the LGN as a stimulation target include its deep, central structure, so that electrodes would be stable once placed. The area itself is compact, ~ 10 mm across, so that once an electrode is placed, the full extent of the visual field is accessible. The signals are relatively simple, reflecting the primary input from the retina, and maintain much of the same representation. It is the only portion of the visual stream in which the main subdivisions, the magnocellular, parvocellular, and koniocellular pathways, are macroscopically separated (see below), suggesting that additional functionality might be more amenable to restoration from an LGN approach than other approaches.
Disadvantages of the LGN are that it is located behind the optic chiasm where the visual field becomes vertically segregated, such that each LGN represents only 1 of the 2 hemifields. Therefore, a full visual field prosthesis would necessitate bilateral LGN implants. Stimulation in the LGN would also require image compensation for gaze direction (see below). There is also great uncertainty about the impact of corticothalamic projections and their role in shaping normal ongoing activity, and only limited knowledge about the interaction of microstimulation with ongoing thalamic activity. 44 The current state of research into LGN as a stimulation target is discussed in detail below. At present, experiments are being performed in nonhuman primate models. 62 
Optic Radiation
The optic radiation comprises the efferent projection from the LGN and conveys visual information to the primary visual cortex at the occipital pole. Stimulating the optic radiation for visual prosthetics is a little-explored possibility that would seem to have potential, but as the optic radiation has a complex fan-like 3D structure, the approach suffers substantial disadvantages compared with the LGN. Reports in the literature of optic radiation stimulation are limited to phosphene generation using transcranial magnetic stimulation at the occipital pole that have suggested the visual sensations were caused by magnetic action on the optic radiation.
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Primary Visual Cortex
Among the first experiments in visual prosthetics applied microstimulation to the visual cortex as a means to generate patterned phosphenes, 7 and investigation continues 3, 21, 22, 64, 81 (reviewed by Schiller and Tehovnik
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). The large physical extent of primary visual cortex makes it attractive for implantation of a large number of electrodes, and, therefore, the area holds the potential for very high resolution restored function, as well as an increased tolerance for the chronic low-grade heating effects of microstimulation. More is understood about the primary visual cortex than perhaps any other brain area (reviewed by Hubel and Wiesel 37 ), revealing a complexity of representation that is substantially more intricate than even one stage previous at the LGN. It is reasonable, therefore, to speculate that it will be more difficult to determine the computations that will be needed to transform a video stream into stimulation signals, and that the computations will themselves be more involved, but this hypothesis may prove wrong as published descriptions of primary visual cortex phosphenes in humans have suggested a relatively simple effect in response to electrical stimulation. While none of the disadvantages of the primary visual cortex fundamentally preclude it from being a target for prosthetic use, there are some serious difficulties. The largest difficulty is the location: while the primary visual cortex is a cortical area, and therefore on the surface of the brain, much of the visual field is buried in the calcarine fissure, including, in some individuals, the important foveal representation of central vision. 23, 83 Furthermore, cortical crenelation creates an uneven accessibility to the parts of the visual field represented on gyral versus sulcal surfaces, and an approach that implants electrodes solely on exposed gyral tissue will miss a large fraction of the visual field. Finally, surface electrodes, even penetrating electrodes that are placed on the surface, show a slow degradation of function over time, hypothesized to be due to micromovements (N. Hatsopoulos, personal communication, 2009).
While electrical microstimulation in extrastriate visual areas produces visual sensations, 7,2 the multiple streams that project from the primary visual cortex and the high degree of specialization that emerges even one stage farther along the visual pathway suggest that it will not be productive to explore a visual prosthesis to treat blindness of ocular origin at any stages beyond the primary visual cortex.
While both the seminal experiments in visual prosthetics 7 as well as significant follow-up work 21, 22 placed stimulating electrodes on the surface of human visual cortex, the years since have seen effort concentrated in cat and nonhuman primate models. 3, 57, 74 Most recently, there has been work using virtual reality techniques with sighted humans in preparation for experiments in blind volunteers, 74, 84 as well as substantial engineering effort to create a complete, portable device. 64 
Theory of Operation for Visual Prosthetic Devices
The fundamental idea underpinning visual prosthetics is to create an imaging device that, through some artificial means, injects appropriately processed signals into the visual stream (see Fig. 2 ). While some of the retinal approaches seek to create a device that does little or no image processing or to have no device at all by photosensitizing normal cells, 9, 29, 60, 90 most projects have a device that performs a function that is akin to normal retinal image processing. As such, visual prosthetic devices are not unlike bionic eyes: they focus photons onto a light-sensitive surface to create an image, extract salient features from that image, and transmit those features to the brain. In a visual prosthesis device, each electrode contact is typically intended to generate 1 phosphene. If the phosphenes are small and tightly focused, they can be thought of as pixels, although they will likely not be close-packed like in a computer or camera display, but more probably separated by an unstimulated background. Mapping the visual scene to these pixels can be thought of as looking through an opaque screen through which holes have been punched, somewhat like looking through a kitchen colander, although each pixel in a prosthesis will be solid in appearance, or nearly so, and each hole in an opaque screen will show some detail of the scene beyond within the diameter of the hole. Nevertheless, a prosthetic image can be constructed from a collection of pixels where each has been adjusted according to the brightness of the original image, even if there are far fewer pixels in the prosthetic image than in the original, and even if the prosthetic pixels are not arranged in a perfect grid.
How Phosphenes are Distributed in Visual Space
One of the biggest differences in applying stimulation to the retina versus anywhere downstream of the retina is the difference in uniformity of resolution. At the retina, a placement of a regular array of stimulating electrodes, one with an even spacing between contacts, will produce phosphenes that are in a regular pattern across the visual field, just as the pixels in a computer screen form a regular pattern across the screen. However, the primate visual system has a highly nonuniform resolution pattern with ~ 100 times as many photoreceptor cells per square millimeter at the central part of the visual field than at the periphery. 5, 15, 59, 65 The biologically compressed density at the retina is relaxed at the optic nerve and the relation is maintained in the LGN, the primary visual cortex, and beyond. During this anatomical decompression, the overall visuotopic relations are retained, so that the fraction of tissue devoted to the central visual field becomes inflated compared with the peripheral field, and an even progres- sion along a neural structure from central to peripheral representations results in an accelerating progression through the visual field.
This retinally created nonuniform representational density is carried through each subsequent stage and gets combined with gaze direction information to create the illusion of uniformly high-resolution vision, despite the highest acuity being only about the point of visual regard. 18 A graphic representation of phosphene location in the visual field for a regular grid of electrode contacts in the retina versus the LGN can be seen in Fig. 3 . We speculate that a set of phosphenes with an uneven density that matches the endogenous acuity profile of the visual system will be of higher utility than a set of phosphenes with an even visual density.
Compensation for Gaze Direction
The optics of the eye project an image of the external scene onto the retina that changes depending on exactly where the eyes are pointing. For normal, sighted individuals, the eyes move about from one point of visual regard to another 2 to 3 times per second. The visual brain assembles these quick, successive views to create a mental image of a scene by compensating each retinal snapshot with information regarding the direction the eyes were pointing at the time. Although this integration mechanism is not yet fully understood, it is widely hypothesized to require a copy of the motor neuron commands that control eye position, and to occur in cortical areas beyond the primary visual cortex in the visual processing stream. No part of the early visual system, from the retina through the primary visual cortex, shows compensation for eye position.
For the visual prosthesis designer, this observation suggests that to produce as useful a visual experience as possible, the imaging system must deliver stimulation to the brain that includes the effects of changes in eye position on a continuous basis, either by physically re-aiming the camera to point where the eyes are pointing, or by electronic translation of the image. This is somewhat counterintuitive because the brain will undo these changes to produce a stable mental image at a later stage; however, a visual prosthesis must deliver activity as faithful as possible to that produced by the organ it functionally replaces. While some of the retinal prosthesis approaches use the optics of the eye as part of the imaging system 13,54,60 and therefore automatically fulfill this criterion, most visual prosthesis designs use a camera mounted on the head or in a set of eyeglasses, and thus require compensation of the image for gaze position.
Patterned Stimulation Across Multiple Electrodes
Retinal and cortical experiments have demonstrated that simultaneous stimulation across multiple electrodes does not necessarily evoke independent phosphenes, and that stimulation of single contacts can sometimes produce a constellation of percepts rather than a single phosphene. 69, 75 This is problematic for a device that would apply straightforward pinhole-like processing to an image to create a direct visual representation, but there are initial reports of techniques to avoid at least some of the independence issues, 36 and suggestions that relaxing the criterion of direct representation may be functionally advantageous. 85 
Deep Brain Stimulation and the Thalamic Approach to Visual Prosthetics
The LGN is located below the thalamus at Talairach coordinates (22, −23, −5) and (−22 −23, −4). 45, 53, 58 It has a typical size of 250 mm 3 , 1,76,92 although the volume varies by a factor of 2:1 in healthy individuals. 34 It has maximum extent of ~ 10 mm along the cardinal axes, with a flattened teardrop form reminiscent of a leg of cured ham. 34 The LGN has a laminar structure that carries projections from the 2 eyes, and from the magnocellular (M), parvocellular (P), and koniocellular (K) processing streams. There are typically 3 zones ranging along the anteroposterior axis: a monocular zone with 2 layers (1 magnocellular and 1 parvocellular), a binocular zone with 6 layers (2 magnocellular and 4 parvocellular), and a binocular zone with 4 layers (4 parvocellular). 34 Between the magnocellular and parvocellular layers are recently characterized cells that are part of the koniocellular system. 33 Although precise functional delineation is difficult in condensed form, generally put, the magnocellular system mediates luminance perception, whereas the parvocellular and koniocellular systems mediate chrominance (color) perception.
Each LGN represents one-half of the visual field, split along the vertical meridian, with a smooth mapping of position within the visual field to anatomical position within the brain area. Progressing along the anteroposterior anatomical axis, the representation moves from peripheral to central visual field. Progressing along the lateromedial axis, the representation moves from upper to lower quadrants. 12, 66, 76 While high-resolution visual mapping of the LGN in macaques has been reported, 26 maps of the human LGN have been limited to substantially coarser functional MR imaging methods. 12, 76 The central 10° of visual angle occupy approximately the posterior half of human LGN. 76 As the LGN is the only location within the early visual system where the 3 major pathways (magnocellular, parvocellular, and koniocellular) are macroscopically segregated, it presents the only location where it might be possible to selectively stimulate the 3 pathways, suggesting the possibility of independently controlling luminance and chrominance information.
Based on high-fidelity computer simulations of microwire electrodes placed in the LGN, the physical extent of the area allows for the placement of substantial numbers of fine microwire contacts. 63 The most plausible format for implanting large numbers of microwires is to use a mechanism similar to the Ad-Tech Medical Instruments macro-micro system (http://www.adtechmedical. com; see text below and Fig. 4) where a bundle of microwires exits out the distal end of a long cannula. This brush-style electrode would have more flexibility than a rigid structure to compensate for individual variation in LGN morphology, and would ease the need for absolute precision in placement.
From published studies in an animal model, 62 we know that microstimulation of the LGN can be used to produce small pixel-like phosphenes, and, moreover, the placement of a phosphene in the visual field is determined by the exact anatomical location of the stimulating electrode. Furthermore, experimental animals were able to immediately integrate artificially created percepts into a visual task. Not surprisingly, slightly displaced electrodes could be used to create visually separated phosphenes when stimulated in randomly alternating fashion. However, to date, patterned stimulation across multiple electrodes intended to produce a coherent percept has not been attempted in the LGN.
Mapping Paradigms
Knowledge of the location of each phosphene in visual space is required during a normal prosthesis operation to evaluate the camera images and generate stimulation for each electrode contact according to the location of the phosphene it generates. Because traditional mapping of LGN retinotopy using optically presented stimuli with electrophysiological recordings or functional MR imaging methods to measure neural activity is not readily possible with blind individuals, determination of the visual location of the phosphenes generated by each electrode tip requires a different mapping methodology. Various paradigms have been suggested, 7, 17, 27, 56, 75, 88 most of which have the patient refer visual events to points or regions on a surface at approximately arm's length. For high-resolution devices with high pixel counts, this task may prove tedious, and a more efficient method will become necessary.
Particular Design Requirements for a Thalamic-Based Device
As the eye moves in the socket, causing gaze position to scan across the visual scene, the brain uses eye position information to build up a composite visual image based on each gaze location. For visual prostheses that have a camera fixed relative to the head, for example, mounted in a pair of eyeglasses, the camera will not track the patient's eye position, and therefore, eye position will need to be separately measured and the camera image translated to compensate for eye movements. This compensation for gaze direction can be eliminated if the camera is implanted within the eye. 
Description of Intended Surgical Implantation
The probable procedure for implantation of a thalamic visual prosthesis electrode and stimulator follows that for traditional DBS implantation. Patients would be placed in a stereotactic frame, or a frameless system could be used. After MR and CT imaging, the target structure would be localized and the approach planned. A bur hole would be placed at the level of the coronal suture. Intraoperative microelectrode recordings would be used to verify the location of LGN based on functional landmarks found while recording through overlying structures, and through microstimulation within LGN to generate phosphenes. The outer electrode casing, similar to a traditional DBS electrode, is then implanted down to a few millimeters above the LGN, and the implanting stylette is withdrawn. A microwire bundle is inserted through the core of the DBS electrode, protected within a cannula until it is near the final position, at which point it is slowly advanced into tissue and the microwires splay out as they exit the protective encasement. Intraoperative assessment of position will be done by microstimulation testing. The electrode lead is then routed subcutaneously to a subclavicular or cranial stimulator.
Open Questions and Contraindications
The field of visual prosthetics has been concentrating on treatments for individuals who have lost sight in adulthood. In part, this is due to the prevalence of acquired blindness in late adulthood, but also because of the rich experimental literature demonstrating the essential role of visual experience in the development of normal visual function, and the uncertainty the lack of normal development would cast upon results from congenitally blind individuals fitted with visual prostheses. However, it is an open question as to whether the higher neural plasticity associated with youth might make congenitally blind children appropriate candidates.
While there have been many studies attempting to evaluate the number of independent phosphenes required to perform selected tasks such as visual navigation or reading, 6, 8, 11, 16, 31, 32, 75, 79, 82, 87 a clear determination of the minimum number of phosphenes that would be useful to the patient, or that would justify the risks associated with implantation of a device, has not been reached. There is little consensus due, in part, to the wide range of assessment criteria, modalities, and experimental tasks that have been used. A few researchers have reported their findings in units of acuity, such as the standard Snellen 20/x units used in ophthalmology, but even then, as the distribution of phosphenes used typically provides incomplete or sporadic coverage of the visual field with many approaches, these assessments are not deeply meaningful. It has been suggested that a few hundred pixels are required for navigation, 8, 16 facial recognition, 11, 82 and reading. 6, 32, 79 A preliminary simulation study has suggested that 500 pixels across the entire visual field following an endogenous pattern can provide ~ 20/1200 visual acuity (J. Pezaris, unpublished data; see also Fig. 3) . In coarse terms, it appears that restoration of vision capable of perceiving form requires a minimum of ~ 100 pixels, while smaller numbers of pixels may still provide benefit to the blind patient.
Although the straightforward and direct mapping of visual scene according to phosphene location would seem a reasonable approach, it requires an accurate assessment of phosphene location. For a device with many hundreds or thousands of stimulation contacts, such measurements may be impractical. It remains an open question as to what extent an approximate initial assessment of phosphene location is sufficient for the visual system to create an interpretable image, and over longer timescales to what extent neural plasticity is able to compensate for phosphene map inaccuracies.
Based on the current understanding of the visual system, the primary contraindication for a thalamic visual prosthesis is cortical blindness such as that due to TBI involving the occipital pole. The early visual system forms an obligate chain so that injury at any point precludes treatment at an earlier, more peripheral stage. Thus, an optic nerve neuropathy contraindicates treatment with a retinal prosthesis, but it does not preclude treatment with a thalamic prosthesis. Similarly TBI with primary visual cortex involvement contraindicates retinal, thalamic, as well as primary visual cortical approaches.
Current State of the Thalamic Visual Prosthesis
At present, microstimulation in the LGN has been used to produce individual pixel-like phosphenes, and it has been hypothesized that, like with other approaches, patterned stimulation across multiple contacts in LGN has the potential to produce a coherent image. 62 While brush-style electrodes are readily available with low contact counts from companies like Ad-Tech Medical Instruments, it is unknown exactly how many electrodes will be manufacturable with the same technology (see below). Currently, integration of a camera with an image processing system and stimulator to drive a high contact count electrode to create coherent images is under active development. Furthermore, studying the characteristics of artificial vision from a thalamic prosthesis both in animal models and with healthy human volunteers using a virtual reality simulator is an area of active research.
The number of electrode tips that would fit into human LGN depends on the average tip density and the volume of the area, and has been analyzed in a recent publication. 63 The size of the LGN in humans is ~ 250 mm 3 , with a maximum extent of ~ 10 mm, and with the central 10° of visual space occupying the posterior half (see above). With a spacing of 1 mm in 3 dimensions, ~ 250 electrode tips could be placed per hemisphere (for 500 phosphenes total across both visual hemifields) that would occupy 0.6% of the volume of the area, if 40-µm-diameter wires were used. 63 This compares favorably with other technologies that are currently used for chronic neural implants, such as the Utah array 42 at 1% of sampled volume, and Medtronic (http://www.medtronic. com) DBS electrodes that when placed in, for example, the globus pallidus or substantia nigra, 2 structures anatomically located near the LGN, occupying 0.7 and 3% of the areas, respectively. 63 In the laboratory, experimental brush microwire elec-trodes with 8 contacts have been inserted into the monkey LGN and have been used to create multiple individual phosphenes, although only one at a time, 62 and similar 16-contact electrodes have been used for recording. 61 It is currently possible to procure deep brain brush electrodes with a combination of 8 microwire contacts and 4 cuff contacts, to custom-order electrodes with 20 microwire contacts, and it may be possible to manufacture electrodes with a few hundred microwires (personal communication, Ad-Tech Medical, 2009). It is important to recognize that these commercially produced electrodes have not been approved by the FDA for stimulation through their microwire contacts.
The technological barriers to creating a thalamic visual prosthesis are relatively low. Video cameras of sufficient quality and size are a commodity item, as the circuitry is found in contemporary webcams. Hand-held computers with sufficient computational horsepower for real-time video analysis are commonly found in the guise of personal audio and video players. Multichannel stimulators that can be adapted to thalamic prosthesis use are currently undergoing Phase II clinical trials (such as from the Argus II device). Chronic implantation of DBS electrodes has gained wide acceptance as a standard treatment methodology that is considered safe and effective. 10, 19, 70 The primary technical hurdle is development of an electrode technology that is optimized for thalamic prosthesis use, with brush-style contacts or their equivalent, and integration of a full camera-to-electrode system. Independent of the development of brush-style electrodes, it should be possible to use standard 4-contact cuff-style DBS electrodes, such as those manufactured by Medtronic, to restore 8-pixel vision with a bilateral implant; whether the resultant, comparatively simple, and low-resolution prosthesis would provide sufficient benefit to justify the risks associated with DBS therapy requires further study.
The scientific and medical barriers to a pilot study in humans are also relatively low but require careful attention. Of primary scientific interest are the questions of how well-coordinated stimulation across multiple electrodes in LGN works to create coherent, interpretable percepts of objects rather than just points of light, and how to translate from video image to electroneural stimulation to maximize effectiveness of the new sensory modality. From a medical perspective, the effects of chronic implantation of deep microwires are unknown, along with the effects of chronic microstimulation in the thalamus. While we anticipate that a functioning thalamic visual prosthesis system will be demonstrated in a nonhuman primate model in a matter of months, it may be some years before a device based on this approach appears frequently in clinical use.
Other Applications for Technology Developed for Visual Prostheses
Other potential applications for brush-style electrodes appropriate for use with thalamic visual prostheses include high fidelity interfaces into other brain areas for more subtle and responsive control of or modification to ongoing activity. While the creation of a visual prosthesis to treat blindness is an important aim, approaches that apply stimulation to central structures such as the LGN or primary visual cortex have potential applicability in other areas as well. The visual prosthesis becomes a model interface for systems that target other brain areas, not only for restoration of sensory function, but potentially for improved treatment for pathologies such as movement disorders, epilepsy, and addiction.
Conclusions
Visual prosthetics is the field of investigation for devices that provide restoration of function to blind individuals in whom the blindness is caused by disease or defect of the eye as a sensory organ. In cases in which the early visual system is intact, 6 distinct structures along the pathway from retina to primary visual cortex provide potential targets for a device-based approach: the retina, the optic nerve, the optic tract, the LGN, the optic radiation, and the primary visual cortex. Each potential target has advantages and disadvantages for patterned electrical microstimulation. Approaches that use retinal targets have advanced to preliminary clinical trials. The LGN and primary visual cortex are targets that would involve bringing neurosurgical methods to bear on device implantation. The thalamic approach in particular is quite similar to current techniques used for DBS treatment of movement disorders and major depression, suggesting that the development of an LGN-based device for restoration of high-fidelity visual function is not limited by surgical access to the target site. Finally, a high-fidelity thalamic visual prosthesis carries the promise of much wider applicability in which control or modification of ongoing brain activity is required.
